Fragile X syndrome is one of 14 trinucleotide repeat diseases. It arises due to expansion of a CGG repeat which is present in the 5′-untranslated region of the FMR1 gene, disruption of which leads to mental retardation. The mechanisms involved in trinucleotide repeat expansion are poorly understood and to date, transgenic mouse models containing transgenic expanded CGG repeats have failed to reproduce the instability seen in humans. As both cis-acting factors and the genomic context of the CGG repeat are thought to play a role in expansion, we have now generated a knock-in mouse Fmr1 gene in which the murine (CGG) 8 repeat has been exchanged with a human (CGG) 98 repeat. Unlike other CGG transgenic models, this model shows moderate CGG repeat instability upon both in maternal and paternal transmission. This model will now enable us to study the timing and the mechanism of repeat expansion in mice.
INTRODUCTION
The fragile X syndrome is one of over 14 human diseases associated with expanded trinucleotide repeats. Although much has been elucidated about the genetics of the trinucleotide repeat diseases, little is known about the mechanism(s) that cause the repeat instability. The highly polymorphic CGG trinucleotide repeat which is located in the 5′-untranslated region (5′-UTR) of the fragile X mental retardation gene (FMR1), is associated with the disease phenotype when the allele carries more than 200 triplets (1-3). Such alleles undergo methylation which extends across both the CpG island promoter region and the CGG repeat itself. This methylation blocks transcription of the gene which is normally translated into the fragile X mental retardation protein (FMRP) (4, 5) . This absence of FMRP results in the fragile X phenotype. The main characteristics of the fragile X syndrome are mental retardation and macroorchidism (6) , with adult male mental retardation ranging from profound to borderline, with an average IQ in the moderate range. Macroorchidism is a common finding in post-pubescent affected males. With an incidence of 1:4000 males and 1:6000 females, this X-linked disorder is the most common form of inherited mental retardation (7, 8) .
FMR1 CGG repeat alleles can be divided into three groups: normal, premutation and full mutation alleles. Normal alleles range between 5 and 50 triplets. These alleles are stable upon transmission between generations. Premutations alleles, of between 50 to 200 triplets (9, 10) , are unstable upon transmission between generations with both expansions and contractions occurring. Since they allow FMRP expression (5,11) they do not result in the development of the fragile X phenotype, but they are prone to expand to full mutations of more than 200 triplets in the next generation. As described above, full mutation alleles with over 200 triplets undergo methylation and result in the absence of FMRP and thus the fragile X phenotype (5, 11) . These full mutations only arise upon transmission through the female germline, and males never transmit a full mutation to their daughters.
The exact timing of the repeat expansion is still under debate. Repeat expansions must occur during meiosis or early embryonic development (12, 13) . The most accepted model assumes that full mutations are already present in the oocyte and, thus, all cells in the resulting embryo will also have a full mutation. One, or several, mitotic contraction events to a premutation-length repeat could explain the mosaic pattern which is quite often observed in fragile X patients. The observation that oocytes of full mutation female fetuses also carry full mutation alleles appears to confirm this model, although it cannot be ruled out that the expansion from a premutation to a full mutation occurs during early embryogenesis (12, 13) . The repeat length(s) present in oocytes of premutation females is not known. In the male germline some kind of selection mechanism has to be assumed (14) , as patients with a full mutation have only premutation alleles in their sperm. This mechanism appears, therefore, to protect the male germline against transmission of full mutations. The basis of such a selection mechanism is not known.
Examination of the mode of inheritance of premutations in fragile X families has shown that the risk of expansion to full mutation depends upon the size of the premutation. Small premutations give rise to both expansions and contractions, whereas premutations of over 90 triplets almost always expand to a full mutation in the next generation. The risk of this expansion to a full mutation increases with the length of the CGG repeat (15) . This variation in risk accounts for the Sherman paradox (10, 16) . A more detailed insight into the repeat length and its behaviour upon transmission was gained by sequencing a large number normal and premutation alleles. It was found that most normal alleles are interspersed with AGG triplets (17) . The most common alleles of between 29 and 32 triplets are interspersed with two AGG interruptions. These AGG interruptions are normally found downstream of shorter tracts of 9 or 10 CGG triplets. In premutations, fewer AGG interruptions are present compared to normal alleles, variation in repeat length is polar and instability occurs always at the 3′ end of the repeat; the region where no or fewer AGG interruptions are present (17, 18) .
The most 3′ uninterrupted CGG tract appears to be the most important element of the CGG repeat; a pure CGG tract of more than 34-38 CGG triplets is enough to cause instability (19) . Most premutation alleles contain only one or two AGG repeats, and the 3′ CGG tract is greater than 35 CGG triplets. Since the longest pure CGG tract is always found at the 3′ end of the CGG repeat and this is also the region where expansion occurs in fragile X families, this might give some insight into the mechanism of instability.
To study the timing and the mechanism of the CGG repeat expansion observed in the fragile X syndrome, it is, for obvious reasons, necessary to have an animal model. With such a model it would be possible to study the behaviour of the repeat through both the female and male germline and during (early) embryonic development. We have reported previously that a [(CGG) 11 AGG(CGG) 60 CAG(CGG) 8 ] repeat was transmitted without any detectable length change through several generations of transgenic mice (20) . Similar results were obtained in mice with a [(CGG) 22 TGG(CGG) 43 TGG(CGG) 21 ] tract and with tracts having a pure 3′ CGG tract up to 97 triplets (21, 22) . Several hypotheses have been put forward to explain the stability of these repeats in mice. Firstly, the interruptions present in the first two transgenes discussed above may be acting as stabilizers. However, in the mice carrying a 97 repeat CGG tract at the 3′ end, other factors might be involved. Amongst these, the chromosomal or genomic context might be an important factor.
The FMR1 gene is highly conserved among vertebrates. The murine homologue, Fmr1, is 97% identical in amino acid sequence to the human gene and exhibits an expression pattern very similar to that observed in humans (23, 24) .This homology extends to the repeat region and also across the promoter. We therefore generated a mouse model in which the endogenous mouse CGG repeat was replaced by a human CGG repeat carrying 98 CGG triplets. This was done using a homologous recombination strategy with a mouse promoter construct where the mouse endogenous (CGG) 8 repeat was exchanged for a (CGG) 98 repeat of human origin. We describe the first generation of such a 'knock-in' CGG triplet mouse and report the behaviour of the premutation allele in the Fmr1 gene.
RESULTS

Construct FMR1 promoter region
The mouse homologue of human FMR1 was isolated from an E14 ES cell phage library (kindly provided by D.Meijer, Department of Genetics, Erasmus University, Rotterdam). A neo cassette, flanked by loxP sites, was cloned in the BamHI site. The endogenous (CGG) 8 present in the mouse promoter was replaced by a (CGG) 98 of human origin. To allow cloning of the human CGG repeat minimal changes were made to the mouse promoter region (Fig. 1) . Cloning of the CGG repeat was the last cloning step, because deletions were often found in plasmids containing the expanded CGG repeat.
Cloning of the mouse promoter region revealed that the mouse promoter region cloned into a vector and propagated in bacteria was, in itself, prone to deletions. Even in the absence of the CGG triplet repeat, deletions were often observed after a simple digestion, re-ligation and transformation into bacteria (different strains were used but in most cases we used the strain E.coli DH5α). The frequency of these deletions appeared to be dependent on the restriction enzyme being used or the localization of the restriction sites in the construct, as well as the ligation buffer used (data not shown). Since for most DNA constructs digestion, re-ligation and transformation is a very straightforward experiment, this could indicate that cis-acting factors important for instability might be present in the mouse promoter region. Comparison of the promoter sequence of FMR1 and Fmr1 showed that all the identified regulatory elements were conserved. Whether or not all these elements are functional is not known.
Generation of the mice
Homologous recombinants were recognized by the absence of the endogenous mouse (CGG) 8 allele, and the presence of the expanded (CGG) 98 allele. Of the 1200 screened ES cell clones, 13 were identified as possible homologous recombinants. The length of the observed expanded CGG repeat differed between the clones. These different lengths most likely represent deletions of the repeat and/or flanking sequences in the plasmid DNA.
Clone 651 contained exactly the same length as the cloned (CGG) 98 repeat in the plasmid. This clone was therefore selected for blastocyst injection from which three chimeras with the same repeat length were identified. These animals were crossed onto an FVB background and the repeat length was determined in the next generation. The first heterozygous females were crossed either with a wild-type male or a male expressing Cre-recombinase. Expression of Cre-recombinase allows deletion of the neo cassette present between the loxP sites, minimizing the changes to the mouse genomic flanking sequence in the resultant transgenic animal. (CGG) 98 Offspring homozygous for the expanded repeat were included for paternal (13) and maternal (13) transmission. In total, 15 instabilities were found using a radioactive PCR assay to detect CGG length (Fig. 2) . Confirmation and exact sizing of the repeat was carried out using the CGG expansion method of Perkin-Elmer. An example is shown in Figure 3 and a summary is presented in Table 1 . In total, we have observed 15 alterations in length of the CGG repeat; two contractions and 13 expansions. Both contractions (of 11 triplets) were observed after (different) paternal transmission, but male transmission also led to six expansions. Five expansions were observed in transmission via the female germline. Two instabilities were observed in homozygous (CGG) 98 female offspring and in these cases the origin of the instability could be either paternal or maternal. The shortest CGG repeat present in the descendent mice is 87 CGGs and after passages through several generations the longest repeat is 108 CGGs. While the number of paternal changes (at least eight) outweigh maternal ones (at least five), the number of maternal transmissions (at least 86) appears to be greater than paternal ones (at least 43). Thus, the rate of change in paternal transmission of unstable repeats would appear to be 3-fold that of maternal transmission.
DISCUSSION
The mechanism underlying fragile X repeat instability in humans is still unknown, although many pathways and intermediates have been implicated. It has been postulated that during DNA replication, slippage synthesis can occur within the repeat due to the repetitive nature of the sequence. Through this and the formation of single-stranded breaks, both expansion and contraction can occur (25, 26) . It has also been suggested that secondary structures such as hairpins and tetraplex DNA might also play a role in repeat expansion, but the existence of these remains to be established in vivo (27) . From in vitro studies, as well as studies in bacteria and yeast, it is also clear that repeat stability is dependent on the length of the repeat and the number of AGG interruptions, reminiscent of the situation in fragile X families (28, 29) . Furthermore, for yeast and bacteria it has been observed that host cell genotypes, the orientation of the repeat with respect to DNA replication and the position of the cloned repeat within the vector can all influence instability (30) .
In humans carrying expanded CGG repeats, their length increases over generations. Once beyond a specific threshold the repeat becomes dramatically unstable, expanding rapidly up to a few thousand triplets. This phenomenon has given rise to the term 'dynamic mutation' (31) . Although for some trinucleotide repeat mouse models small expansions or contractions have been observed, dynamic mutations such as those in human disease have never been observed. Before this study, transgenic mouse models have carried non-targeted autosomal CGG repeats and all have failed to show any evidence of instability (20) (21) (22) . The absence of important cisacting factors and the random integration of the transgene on one of the autosomes instead of the X chromosome are both possible explanations for the relative stability of the CGG repeats in the earlier mouse models (20) .
To circumvent this, we generated a mouse with an expanded CGG repeat within the endogenous Fmr1 promoter by using a homologous recombination technique. In this way, the behaviour of the expanded CGG repeat can be studied in its endogenous genomic localization. In total, 155 transmissions of the expanded (CGG) 98 allele were studied and 15 instabilities were observed; two contraction events and 13 expansions. As detection was performed using a radioactive PCR technique (where small changes are difficult to detect) this equates to a rate of instability of at least 10%. Both contractions occurred by paternal transmission, as did six of the expansions. Two expansions could be of either paternal or maternal origin. Given the total number of maternal and paternal transmissions, these results are surprising. Although the numbers are still limited, there appears to be a tendency of higher instability (both expansion and contraction) upon paternal transmission. In human fragile X premutations, small changes in repeat length of this magnitude are observed upon both male and female transmission. In contrast, dynamic mutations in humans are only observed upon female transmission. However, in this (CGG) 98 mouse model, no dynamic mutations were observed. In contrast to fragile X syndrome, most other trinucleotide repeat disorders show preferential instability upon male transmission. For one transgenic mouse model containing an expanded CAG repeat, it was found that the gender of the offspring determined the degree of instability (32) . Whether the gender of the offspring in our CGG repeat mouse model plays a role in instability could not be determined.
The human and mouse FMR1 gene promoter regions are very homologous. With the human promoter, four 'footprints' have been identified reflecting positions of various DNAprotein interactions. These footprints correspond to consensus binding sites of various transcription factors and are absent in fragile X patients, indicating that they reflect functional regulatory elements (33) . These regulatory elements are also present in the mouse promoter region. It is not known whether these sequences in the promoter region might be influencing the behaviour of the repeat instability. Despite the overall homology between the mouse and human promoters, it does not necessarily mean that DNA elements which influence repeat instability are conserved between mouse and human. Theoretically, there is still a possibility that the mouse promoter region does not contain the cis-acting elements involved in (large/dynamic) repeat instability which is seen in the human FMR1 gene.
Interestingly, cloning of the mouse Fmr1 promoter showed that this region was prone to deletions when maintained in plasmids in bacteria. These deletions occurred after digestion of the DNA, re-ligation and transformation into bacteria. Most, although not all, deletions occurred in the region directly down and upstream of the (CGG) 8 repeat. These results indicate that the Fmr1 promoter region itself is unstable in bacteria. The reason for this instability might be the high GC content of the region flanking the CGG repeat. Although there is no direct evidence that a DNA region which is highly unstable in bacteria might influence instability in the mouse genome, this may well contribute to the instability of the CGG repeat, although we hypothesize that factors other than cis-acting factors alone play a role in determining instability.
Length variation found in fragile X alleles appears to be polar, instability always occurring at the 3′ end. This might be influenced by the direction of DNA replication through the repeat (29, 30) . The direction of replication is important in determining repeat instability in both Escherichia coli and yeast. The position of the origin of replication in artificial DNA constructs determines whether the 5′-CGG-3′ or the 5′-CCG-3′ strand is the leading or the lagging strand during DNA synthesis. For the mouse and human genomic FMR1 loci the direction of replication is not known. It may well be that the direction of replication in the human situation might favour the occurrence of expansions, but that the situation might be different for the mouse Fmr1 locus.
Flap endonuclease 1 (FEN1), a protein involved in DNA replication and long-patch base excision repair, is thought to play a role in trinucleotide repeat instability (34) . In yeast, loss of flap endonuclease activity (rad27 mutants) increases instabilities throughout the whole genome, including trinucleotide repeats (35) (36) (37) . For normal and premutation size CGG repeats, a 10-fold elevated frequency of expansion in rad27 yeast strain has been found (38) . This suggests that FEN1 could play a role in CGG trinucleotide repeat instability.
The endogenous mouse Fmr1 5′-UTR contains a CGG repeat of between 8 and12 triplets. In the ES cells used in this study, the (CGG) 8 repeat was exchanged with a (CGG) 98 repeat in the expectation that this length of repeat exceeds a threshold of instability in the mouse. In humans, repeat instability occurs when the number of CGG triplets is greater than 50; the threshold for repeat instability in mice is as yet unknown. In mice containing an expanded Huntington CAG repeat, it has been found that the rate of instability is less than that observed for similar sized repeats in humans (39) . Mice heterozygous for the CAG expansion show intergenerational repeat instability (+2 to -6) at a much higher frequency in maternal transmission than in paternal transmission. The majority of changes transmitted through the female germline were small contractions, as in humans, whereas small expansions occurred more frequently in paternal transmission. (40) . The mouse Hdh gene with a knock-in of 90 and 109 units produced a graded increase in the mutation frequency to >70%, with instability being more evident in female transmissions. No large jumps in CAG length were detected in either male or female transmissions. Instead, size changes were modest increases and decreases, with expansions typically emanating from males and contractions from females. (41) . For the Fmr1 mouse model described here, the rate of change in paternal transmission of unstable repeats would appear to be 3-fold that of maternal transmission. Extrapolation of the data obtained from the expanded trinucleotide mice suggests that, if there is a threshold for instability in mice, the threshold might be higher in mice than for humans.
Results of this CGG repeat expanded mouse model, together with the studies of other trinucleotide repeats, suggest that mouse might not be a perfect model in which to study repeat instability. This might be due to the fact that the mechanism involved in repeat instability in humans might be absent in mice, or perhaps that the environment leading to the instability in humans might be absent in mice. The mechanisms which have been proposed to play a role in repeat instability involve meiosis as well as DNA replication, recombination and repair. During all these processes, duplication of the DNA occurs, allowing an opportunity for DNA mutations and secondary structures like hairpins or tetraplex to form, errors which must be removed by proof-reading and repair processes. These processes, which aim to keep mistakes in the copying of DNA to a minimum, are balanced by processes in meiosis such as recombination which generate maximum genetic variation for a species. Although these processes are known to occur in humans as well as in mice, the balance between them might be different between the two species, giving rise to repeat instability in humans, but not in mice.
The involvement of DNA repair processes in repeat instability might be studied by crossing mice with expanded CGG repeats with mice deficient for different repair pathways. In yeast and E.coli it has been shown that the rate of instability changed in certain repair-deficient strains (38, 42, 43) . Crossings between trinucleotide repeat mice and mice with certain repair deficiencies might give more insight into repeat instability in mice as well as in humans. Furthermore, it might be worthwhile to study the timing of the small repeat instabilities that occur as this might give more insight in the difference observed between male and female transmission.
Our transgenic (CGG) 98 repeat might also eventually also be used to study inactivation of FMRP expression. In the (CGG) 98 mice described in this study, FMRP expression was present, suggesting that the promoter region was not inactivated (data not shown). As small expansions are observed, it might be possible that expansion over several generations will generate a larger expanded allele which will inactivate the FMR1 gene and lead to loss of FMRP expression. Subsequently, both repeat expansion and FMRP expression could be studied in descendent generations. It has been reported recently that premutation alleles result in elevated mRNA levels (44) in human fragile X carriers. In contrast to this, FMRP expression in lymphocytes of premutation carriers with over 100 CGG triplets was reduced. This mouse model might, therefore, also be used to study the mRNA levels in premutation alleles, the translation of Fmr1 mRNA containing expanded CGG repeats, and maybe the mechanistic switch, which occurs when the Fmr1 gene is silenced.
MATERIALS AND METHODS
Construction of pCB66 and ES cell electroporation
The construct pCB66 contained a 7 kb HindIII fragment of the mouse Fmr1 promoter region inserted in a pBR322 derived vector (pBR322 -BamHI 375-NarI 1205). In this fragment, a neo cassette flanked by loxP sites was cloned in the BamHI site present in intron 1 (Fig. 1) . The mouse (CGG) 8 repeat was exchanged for a (CGG) 98 repeat of human origin. The humanderived (CGG) 98 repeat was isolated as an SfoI-XhoI fragment from a cloned expanded CGG repeat. This cloned repeat was isolated from a yeast strain carrying a transgenic human premutation as described in references 28 and 38. To clone the expanded human CGG repeat in the murine Fmr1 promoter, minimal changes were made to the flanking sequence. These changes involved a point mutation to abolish an NarI site in intron 1 and the substitution of 4 bp (TCGA) to abolish an XhoI site in intron 1. The XhoI site flanking the CGG repeat in the human situation was not present in the mouse promoter. To facilitate the cloning of the expanded (CGG) 98 repeat an XhoI site was generated by an A→G transition based on the homology between the human and the mouse promoter. The integrity of the cloned fragment was determined by sequencing and restriction enzyme digestion. Cloning was performed using standard procedures.
For electroporation of E14 ES cells to allow homologous recombination plasmid, pCB66 was linearized by an XbaI digest. After purification, linearized plasmid DNA was used to transfect ES cells. Electroporation was performed with 10 7 ES cells in 400 µl PBS using a Progenetor II Gene Pulser (1200 µF and 117 V during 10 ms). Using double selection with G418 (200 µg/ml) and Fiau (2 µM) the cells were cultured to allow colony forming. Colonies were picked and cultured separately. for DNA isolation.
DNA analysis
ES cell clones were grown to confluency in a 24-well plate. The medium was removed and 300 µl (10 mM Tris-HCl, 400 mM NaCl, 2 mM EDTA pH 7.3-7.4) and 30 µl of 10 mg/ml Prot K was added to lyse the cells during overnight incubation at 55°C. An aliquot of 150 µl of 6 M NaCl was added and the suspension was centrifuged. To the supernatant, 2 vol of 96% ethanol were added to precipitate the DNA. DNA was dissolved in 50 µl H 2 O. For radioactive PCR, 1 µ1 DNA was used.
Radioactive PCR was performed to determine the repeat length in the ES clones. Primers C (5′-GCTCAGCTCCGTTT-CGGTTTCACTTCCGGT-3′) and F (5′-AGCCCCGCACTT-CCACCACCAGCTCCTCCA-3′) were used. PCR conditions were as described by Deelen et al. (45) . PCR products were run in a 6 % denaturing polyacrylamide gel.
Generation of knockout mice
ES clone 651 was used for injection into C57/BL6J blastocysts. These blastocysts were transferred to pseudopregnant female mice. Three chimeras were generated and crossed with wild-type FVB and C57/Bl6J females. Female offspring of these chimeras was tested for the presence of the expanded (CGG) 98 repeat. Mice containing the expanded CGG repeat were crossed with wild-type mice as well as with (CGG) 98 littermates. Repeat instability upon transmission to offspring was tested by radioactive PCR.
The neo cassette inserted into the BamHI was flanked by loxP sites. Because the presence of the neo cassette might disturb the natural environment of the CGG repeat, knock-in mice were crossed with mice expressing Cre recombinase. In this way the changes made to the Fmr1 gene were kept minimal. These (CGG) 98 /neo -mice were also crossed with wild-type mice, and with (CGG) 98 /neo -littermates.
Fragile X size polymorphism assay
Radioactive PCR as described above is informative to determine whether instability occurs, but it does not give the exact length changes observed. Also, small changes ± 1 CGG triplet might be missed. The fragile X size polymorphism assay (Perkin Elmer Biosystems) allows us to determine the exact length of the CGG repeat. This test was used to determine the exact size changes. PCR conditions were as described by the manufacturer. PCR samples were analysed using an ABI377 sequencer (PE Biosystems).
